Vision is sensitive to first-order luminance modulations and second-order modulations of carrier contrast. Our knowledge of the temporal properties of second-order vision is insufficient and contradictory. Using temporal summation and reaction time paradigms, we found that the type of visual noise (static or dynamic) determines the temporal properties of the responses to luminance and contrast modulations. In the presence of static noise, the temporal responses to both types of modulation of low and higher spatial frequencies were transient. When dynamic noise was used, the temporal responses to luminance and contrast modulations of higher spatial frequencies were sustained. At low spatial frequency, however, luminance modulations elicited transient responses, while contrast modulated dynamic noise produced sustained responses. The reaction times to near-threshold contrast modulations of low spatial frequency were slower than those to first-order patterns and they did not significantly differ at modulations of higher spatial frequency. The results suggest that the temporal characteristics of first-stage linear filters which feed the second-order pathway may determine the temporal responses to contrast modulated noise.
Introduction
Our knowledge of the temporal properties of vision is based mainly on studies of visual responses to luminance objects presented on a blank background. Research has shown that the responses to coarse luminance stimuli (gratings of low spatial frequencies or large disks) are fast and transient. Finer luminance stimuli (gratings of higher spatial frequencies or small disks) are processed more slowly and exhibit sustained responses, extending for the duration of the stimulus (for review see Watson, 1986) .
Information about visual objects may be also coded by second-order modulations of carrier contrast. Luminance modulations are detected by a first-order pathway whose linear filters signal luminance excursions from the mean background luminance level. These filters, however, are not sensitive to contrast modulations of a carrier. Psychophysical and electrophysiological studies of motion and pattern processing have suggested that second-order patterns are processed by a distinct non-linear pathway (Cavanagh & Mather, 1989; Chubb & Sperling, 1988; Derrington, Badcock, & Henning, 1993; Ledgeway & Smith, 1994; Lu & Sperling, 1995; Schofield & Georgeson, 1999; Wilson, Ferrera, & Yo, 1992; Zhou & Baker, 1993) .
Several studies compared the temporal characteristics of first-and second-order vision in order to determine how the visual system processes these two types of information. Using a static noise carrier, Lu and Sperling (1995) found that the temporal sensitivity functions for motion direction discrimination of luminance gratings and contrast modulated noise of 2.5 c/deg had a similar shape. Using data from a pedestal motion transparency test and a relative phase dependence test, they concluded that these two types of motion information are processed by two different fast motion-detection pathways. Schofield and Georgeson (2000) studied two-pulse summation and temporal integration of luminance and contrast modulations of 2 c/deg. They established that the temporal impulse responses to both luminance and contrast modulations of dynamic noise were monophasic with a similar time course suggesting that the second-order pathway is not especially slower compared to the first-order pathway.
On the other hand, some authors have argued that the temporal resolution of the second-order motion pathway is much lower than the temporal resolution of the first-order motion pathway. Derrington et al. (1993) established that second-order motion required longer stimulus durations than luminance motion. Smith and Ledgeway (1998) found low-pass temporal frequency sensitivity functions for second-order motion stimuli which declined rapidly at higher frequencies and bandpass temporal frequency sensitivity functions for firstorder stimuli which dropped less steeply at high frequencies.
Our knowledge of the temporal responses to second-order noise modulations is contradictory and restricted to a limited range of modulation spatial frequencies. The present study was aimed at exploring the temporal properties of the second-order modulations of a wider range of spatial frequencies (0.5-7 c/ deg). Because the temporal characteristic of the carrier might be an important factor determining the temporal properties of the second-order pathway, as the data of Smith and Ledgeway (1998) suggest, we used two types of carrier: 2D binary static and dynamic noises. We studied the temporal responses to secondorder modulations of noise carrier and the temporal responses to luminance modulations in the absence and presence of noise. The responses to these three types of stimuli were compared in order to separate the effects due to the type of modulations from the effects due to the presence of noise carrier (Schofield & Georgeson, 2000) . Additionally, we obtained new information about first-order vision in the presence of visual noise.
In the present study we measured the threshold for detection of first-and second-order modulations as a function of stimulus duration. Threshold-duration functions provide the simplest and most direct way of demonstrating the transient and sustained types of the temporal response (Legge, 1978) . We derived the temporal impulse response from the threshold-duration data using a probability summation model of temporal vision (Watson, 1979) . In order to validate this approach, we compared the temporal frequency functions calculated by Fourier transform of the estimated impulse responses and directly measured temporal frequency sensitivity functions. We also applied the reaction time method originally described by Tolhurst (1975) to evaluate the time course of the responses to threshold first-and second-order patterns.
Methods

Apparatus
The stimuli were generated by a PC (Pentium 3, HiGrade Computers Plc) on a 19 in. RGB monitor (Vision Master Pro 450, Iiyama Electronics America, Inc.) driven by a graphics board (Mirage Illusionist 3D, Mirage Multimedia systems, Inc.) whose screen resolution was 640 · 480 pixels. A monochrome signal of 4096 intensity levels (12 bits) was obtained by using a video summation device which combined the red, green and 1/64 attenuated blue outputs from the graphics board according to Pelli and Zhang (1991) . The stimulus images were generated using a 256-colour look-up table by a programme written in Borland Pascal 7.0 for MSDOS.
Stimuli
Three stimulus types were used: (i) Vertical luminance grating having spatial frequency f x , contrast l, and mean luminance I 0 : Iðx; yÞ ¼ I 0 ½1 þ l sinð2pxf x Þ; (ii) Luminance modulated noise: grating added to 2D binary noise N ðx; yÞ with contrast n : Iðx; yÞ ¼ I 0 ½1 þ nN ðx; yÞ þ l sinð2pxf x Þ; (iii) Contrast modulated noise: 2D binary noise carrier N ðx; yÞ modulated by a vertical grating: Iðx; yÞ ¼ I 0 ½1 þ nN ðx; yÞð1 þ m sinð2pxf x ÞÞ, where m is the modulation depth of the second-order signal, nN ðx; yÞ is the carrier signal and mnN ðx; yÞ Â sinð2pxf x Þ is the side-band signal which represents the multiple side-band components due to the multiplication a noise sample by a modulating sinusoidal signal (Schofield & Georgeson, 1999) .
The contrast modulated stimuli were composed by presenting the noise and side-band signals in alternative frames at a monitor frame rate of 120 Hz (60 Hz per complete image). When dynamic noise was presented, the noise samples were selected randomly from a set of 16 noise samples. Noise samples were updated every other monitor frame (frequency of 60 Hz) and matched only within pairs of monitor frames. Thus, for a complete image of 16.6 ms (two monitor frames of 8.3-ms duration), the noise sample was the same for the sideband signal (presented in the first monitor frame) and the carrier (presented in the second monitor frame). Different sets of noise samples were used in every experimental session. The same frame-interleave method was employed in the case of luminance modulations embedded in noise, however, noise and luminance images were presented in alternative frames. The contrast of the stimuli, used in this study, denotes the effective contrast after interleaving. The phase of the modulating gratings was randomized from trial to trial.
The use of the frame-interleave method is based on the assumption that the visual system integrates over at least two frames in order to generate a stable contrast or luminance modulated noise. Schofield and Georgeson (2000) compared thresholds for detection of contrast and luminance modulations generated by two ways: using a similar frame-interleave method and combining noise and side-band signals without frame interleaving. They found similar thresholds which implies that the interleaving method is an appropriate way for generating contrast and luminance modulations.
The viewing distance was 171 cm. The mean luminance of the monitor was 30 cd/m 2 . The stimuli had a circular form (diameter of 8°). The stimulus contrast in the surrounding annulus was damped by a cosine function (half-period of 1°). The screen pixel size was 1 min of arc. The noise pixel size was 2 · 2 min of arc in the main experiments and 8 · 8 min of arc in a control experiment. The r.m.s. contrast of the binary noise was 0.4. In a control experiment we used high-pass-filtered noise whose r.m.s. contrast was 0.2. The high-passfiltered noise samples were produced by filtering 2D binary noise images using conventional Fourier filtering techniques.
Procedures
Detection thresholds for all stimulus types were measured using a staircase method and a 2IFC procedure designed to determine 79% correct responses (Levitt, 1970) . Each trial consisted of two 2000-ms intervals which were marked by a tone and separated by a 500-ms gap (mean luminance). One of the intervals, randomly selected, contained a signal; the other interval had no signal. The observerÕs task was to identify the interval that contained the signal by pressing one of two buttons. Each staircase started at a suprathreshold contrast level of the signal with a contrast step of 0.2 log units. After each staircase reversal, the step size was halved and this process continued until the step size became 0.05 log units. The subsequent eight staircase reversals were collected and the threshold measure was the geometric mean of these estimates. The mean values of the threshold contrasts for every experimental condition were calculated by averaging data collected in three experimental sessions.
In the case of noiseless luminance gratings, the background of both 2000-ms intervals was the homogeneous screen of mean luminance. When the signal was luminance or contrast modulations of noise, noise images were displayed throughout each 2000-ms interval with abrupt onsets and offsets. In the temporal-summation experiment, the signal was displayed in a rectangular temporal window which started 500 ms after the onset of the 2000-ms signal interval. In different sessions the signal duration varied from 16 to 1066 ms. In the temporal frequency sensitivity experiment, a counterphase flickering signal was displayed during the 2000-ms signal interval. The signal contrast was smoothed on and off by half a cosine cycle lasting 200 ms and displayed at the full contrast during the central 1600 ms.
In a control experiment, we measured the contrast threshold for discrimination of the orientation of the modulating signal using the 2IFC technique. Both intervals contained modulations: one of the intervals, randomly selected, displayed a vertical modulating grating, while the other interval contained a horizontal modulating signal. The observerÕs task was to identify the interval that contained the vertical signal.
Reaction times were measured using the method described by Tolhurst (1975) . Two signal durations were used: 500 and 1000 ms. In each experimental session all the signals had the same duration and their contrast was 0.05 log units below the threshold contrast for detection of the 500-ms signal estimated by the staircase method. Each trial started with a tone followed by a random foreperiod of 500-1000 ms. Thereafter, the signal was presented followed by a 1000-ms post-signal interval. When reaction times to luminance and contrast modulations were measured, noise images were shown throughout the foreperiod, the signal interval and the post-signal interval. In the case of luminance gratings, the signal was presented on a background of homogeneous screen. The observerÕs task was to press a key as soon as the signal was detected. Two hundred stimuli were presented for each experimental condition. Twenty percent of the trials (catch trials) did not contain the modulating signal in order to test whether the observer was guessing about the presence of the signal. The mean frequency of false alarms for the two observers tested was 4.5% of the catch trials.
Calibration
Detection of contrast modulated binary broadband noise could be mediated by local luminance changes due to several non-linearities: (i) MonitorÕs gamma non-linearity. The luminance response of the display was measured by an OptiCal photometer (Cambridge Research System Ltd.) interfaced to the PC. The monitor luminance was linearized by using the inverse function of the nonlinear luminance response when computing the stimulus images. The calibration was verified every few weeks. (ii) Adjacent pixel non-linearity (Klein, Hu, & Carney, 1996) . First-order artifacts in contrast modulations of noise could be introduced due to the dependence of the luminance of a given pixel on the preceding pixel or pixels. Using the OptiCal photometer, we measured the mean luminance of horizontal and vertical square-wave gratings whose half period consisted of different element sizes and contrast levels. The sensor of the photometer was positioned 2 cm from the screen. The effective diameter of the sensor was 5 cm and the test area consisted of about 100 pixels. We found that the mean luminance of horizontal and vertical gratings whose half period contained two and more screen pixels did not vary significantly as a function of grating contrast up to 0.95 implying no significant adjacent pixel nonlinearity. Thus, a noise resolution of at least 2 · 2 screen pixels was used in this study. (iii) Clumping effects of like-valued noise pixels (Derrington & Cox, 1998; Smith & Ledgeway, 1997) . These effects could introduce first-order artifacts in contrast modulated noise especially when the noise is static. Our stimuli had four or more noise elements per period of the signal modulation. Schofield and showed that when the period of the modulating signal consists of at least four noise pixels, the clumping effect for static contrast modulated patterns is very low. (iv) An early non-linearity preceding the linear filters could give rise to first-order distortion products at the modulation frequency of a second-order pattern (Henning, Hertz, & Broadbent, 1975) . Psychophysical results have shown that such distortion increases as the square of the carrier contrast. By using noise having a contrast of 0.4, luminance artifacts due to an early retinal non-linearity would be relatively small and hence not likely to have a significant effect on the detection of contrast modulations (Scott-Samuel & Georgeson, 1999) .
Observers
Three observers took part in the main experiment: two of the authors (JC and VM) and another experienced psychophysical observer (KF) who was not aware of the purpose of the experiments. The observers JC and VM took part in the reaction time experiment. All observers had normal or corrected-to-normal visual acuity and viewed the screen binocularly with natural pupils.
Modelling
We have used a model for contrast detection that consists of a linear temporal filter whose output is perturbed by noise followed by a threshold device (Burr & Morrone, 1993; Watson, 1979) . The linear filter has an impulse temporal response with excitatory and inhibitory components, each a approximated by a cascaded low-pass leaky integrator (Watson, 1986) :
where uðtÞ is the unit step function, s 1 and s 2 are the time constants of the two components, n 1 and n 2 are the number of the cascaded low-pass stages of each component, A is a sensitivity factor and K is a transience factor. According to probability summation concept, the threshold contrast can be defined by the Quick formula:
where f ðtÞ is the temporal envelope of the modulating signal and b is the slope of the psychometric function. Eq. (2) was applied in its discrete form with a time interval between samples of 1 ms which is sufficiently shorter than the duration of the stimuli. In the model calculations we assumed that n 1 ¼ 9, n 2 ¼ 10, which were successfully used by Watson (1986) . The data from the staircases for each experimental condition were expressed as percent correct at each contrast level. These psychometric functions were fitted by a Weibull function using a maximum likelihood procedure (Watson, 1979) . The mean value and 95% confidence interval of the slope of the psychometric functions across observers and experimental conditions was 3.8 ± 0.5 which corresponds to estimates of the exponent b (2.5-7) by others (Watson, 1979 (Watson, , 1986 . Using n 1 , n 2 , A and K as free parameters and a least-squares technique, the shape of the impulse response was adjusted to produce a good fit to the temporal summation data. The goodness of fit of the curves calculated by Eq. (2) to the temporal summation data was estimated by an R 2 statistic which is the proportion of the variance accounted for by the fit, adjusted by the number of free parameters (Judd & McClelland, 1989) . The adjusted R 2 value was calculated as follows:
where C i refers to the data, C i est denotes the model calculations producing the best fit to the experimental data, k is the number of free parameters, n is the number of data points and
4. Results Fig. 1 shows threshold contrast versus signal duration for the three observers tested. The threshold-duration functions were of two types. Noiseless gratings whose spatial frequency was 0.5 c/deg exhibited a ''transient'' threshold-duration function: the threshold showed an initial steep decline and then approached a constant value independently of the signal duration (Fig. 1a,  circles) . The threshold-duration functions for luminance gratings of 2 and 7 c/deg were ''sustained'': the initial steep decrease of the threshold was followed by a shallower secondary decline as signal duration increased (Fig. 1b and c, circles) .
Temporal summation of luminance gratings without external noise
We fitted the data points by Eq. (2) using the method of least squares. The grey lines in Fig. 1 show the fitted curves. The estimated temporal impulse responses to 0.5-c/deg gratings (L) were bi-phasic indicating that the responses are dominantly transient (Fig. 2a, grey  curves) . The calculated temporal impulse responses to gratings of higher spatial frequencies were mono-phasic which is a characteristic of sustained responses ( Fig. 2b and c, grey curves). It should be noted that the secondary decline of the sustained threshold-duration functions is proportional to À1=b on a log-log plot (Legge, 1978; Watson, 1979) . We found that the mean value and 95% confidence interval of b, averaged across the observers and the experimental conditions producing sustained responses, was 3.5 ± 0.5, which is close to the value of 3.8 we used in the model calculations.
Temporal summation of luminance gratings embedded in noise
We established that the threshold for detection of luminance modulations of 0.5, 2 and 7 c/deg embedded in static noise was independent of signal duration after an initial drop ( Fig. 1 LM, empty squares) . The temporal impulse responses to these stimuli were bi-phasic indicating transient temporal responses (Fig. 2 LM, thin curves). Dynamic noise did not alter the shape of the threshold-duration functions ( Fig. 1 LM, filled squares) when compared with the no-noise condition. Stimuli of low spatial frequency embedded in dynamic noise exhibited transient threshold-duration functions. The calculated temporal impulse responses were bi-phasic (Fig. 2a, LM , thick curves). The threshold-duration functions for higher spatial frequencies were sustained. For these stimuli, the estimated temporal impulse responses were mono-phasic ( Fig. 2b and c, LM, thick curves).
Temporal summation of contrast modulated noise
Contrast modulated static noise of low and higher spatial frequencies exhibited transient threshold-duration functions (Fig. 1 , CM, empty diamonds) and the calculated temporal impulse responses were bi-phasic ( Fig. 2 CM, thin curves) . When the carrier was dynamic noise, the threshold-duration functions for low and higher spatial frequencies were sustained (Fig. 1 , CM, filled diamonds) and the temporal impulse responses had a mono-phasic form (Fig. 2 CM, thick curves) . Table 1 shows the averaged best-fitting values of the parameters of the impulse responses for the three observers. It should be noted that the transience factors (K) were zero for the stimuli whose impulse responses had a mono-phasic waveform. Its values were close to unity for bi-phasic impulse responses. The mean adjusted R 2 value and the 95% confidence interval across the observers and the experimental conditions were 0.95 ± 0.04. The lowest value of 0.90 was obtained with 7-c/deg contrast modulations of dynamic noise, probably because the threshold-duration functions for these stimuli consisted only of 5 data points.
The half-amplitude width of the positive lobe of the impulse responses to luminance gratings is slightly broader as the spatial frequency increases. Using a repeated measure analysis of variance, we found that this effect was not significant.
For each carrier (static and dynamic noise) and each spatial frequency (0.5, 2 and 7 c/deg) we compared the half-amplitude widths of the impulse responses to firstand second-order modulations (Table 1) , using a repeated measure analysis of variance. Post-hoc multiple comparison tests with a Bonferroni correction of the probability values revealed that the positive lobes of the impulse responses to second-order modulations were significantly (p < 0:05) wider than the positive lobes of the impulse responses to first-order modulations only for 0.5-c/deg modulations of static noise.
Temporal frequency functions in visual noise
The symbols in Fig. 3 denote contrast sensitivity to 2-c/deg modulating signals for the three observers as a function of temporal frequency. The sensitivity function for luminance gratings was low-pass ( Fig. 3 L, circles) . Similar functions were obtained for luminance gratings in dynamic noise and contrast modulated dynamic noise (Fig. 3 LM, filled squares and CM, filled diamonds). The sensitivity functions in the presence of static noise were band-pass (Fig. 3 LM, empty squares and CM, empty diamonds). Fig. 3 also shows that the temporal frequency functions (Fig. 3, lines) calculated by taking A is a sensitivity factor, s 1 and s 2 are time constants, K is a transience factor; A 0:5 is the width of the temporal impulse response at half-amplitude and R 2 is the adjusted variance. Averaged estimates and SE for three observers.
the Fourier transform of the impulse responses to modulating signals of 2 c/deg are close to the measured contrast sensitivity functions. The mean adjusted R 2 value and the 95% confidence interval across the observers and the experimental conditions were 0.90 ± 0.05. It should be noted that these predictions were obtained without additional free parameters.
Reaction times to near-threshold luminance and contrast modulated noise
We employed the method proposed by Tolhurst (1975) to reveal the type of the step responses to stimuli used in the previous experiment. We measured reaction times for the detection of long-lasting luminance gratings and luminance and contrast modulated noise at near-threshold contrast levels. Figs. 4 and 5 show data from one observer; the other observer produced similar results. Fig. 4 represents the distributions of reaction times to 0.5-c/deg stimuli whose duration was 500 ms (empty bars) and 1000 ms (grey bars). The reaction time distributions for luminance gratings (Fig. 4a) , luminance gratings in dynamic (Fig. 4b ) and static noise (Fig. 4d ) and contrast modulations of static noise (Fig. 4e) were bimodal. They were clustered after the stimulus onsets and offsets. The detection frequencies in the onset and offset peaks for both durations remained similar. As the duration increased from 500 to 1000 ms, only the offset peaks shifted approximately by 500 ms. The lack of probability summation and the bimodal distributions of the reaction times suggest transient type responses. Fig. 4 . Reaction times to gratings (a), luminance gratings embedded in dynamic (b) and static (d) noise and contrast modulated dynamic (c) and static (e) noise. The spatial frequency of the modulating signal was 0.5 c/deg. Empty and grey bars show the histograms for detection of 500-and 1000-ms stimuli, respectively. Numbers in graph (c) denote the probability of detecting the 500-ms stimulus (italic numbers), the probability of detecting the 1000-ms stimulus (bold numbers) and the predicted probability of detecting the longer stimulus (bold numbers in parentheses) calculated by Eq. (2). Numbers in graphs (a), (b), (d) and (e) illustrate the frequency of detection of the stimulus onset and offset of the short (italic numbers) and long (bold numbers) duration. Data for one observer (VM) are shown. The distributions of the reaction times to 500-and 1000-ms contrast modulations of dynamic noise (Fig.  4c) were similar for the first 800 ms. The histograms for the longer stimulus had a longer tail as compared to those for the shorter stimulus. These observations were quantified by the increased frequency for detection of 1000-ms stimuli (Fig. 4c, bold numbers) as compared to the frequency for detection of 500-ms stimuli (Fig. 4c,  italic numbers) . The results show the presence of probability summation: the longer the stimuli, the greater the chance that threshold will be exceeded. The frequency for detection of a longer stimulus (P 1000 ) can be predicted if the detection frequency of the shorter stimulus (P 500 ) is known (Tolhurst, 1975) :
where n is the ratio between the durations of the longer and shorter stimuli (n ¼ 2). The predicted detection frequencies (shown in parentheses in Fig. 4c ) are close to the experimentally estimated values. These results demonstrate that 0.5-c/deg contrast modulations of dynamic noise elicit sustained type responses.
When the modulating spatial frequency was 7 c/deg, the reaction times to luminance gratings (Fig. 5a ) and luminance ( Fig. 5b) and contrast modulated dynamic noise (Fig. 5c ) revealed sustained type response. When the noise was static, the reaction times for both luminance and contrast modulated stimuli had bimodal transient distributions ( Fig. 5d and e) . Fig. 6 shows the mean reaction times to 500-ms stimuli for both observers tested. For transient type distributions, the mean values were calculated only for the clusters after the stimulus onset. It should be noted that the standard deviations of the reaction times to different types of stimuli were similar. Reaction time distributions cannot be regarded as samples from a Gaussian distribution. Therefore, we performed a twoindependent-samples test, using the non-parametric Mann-Whitney test, to compare the reaction times to first-and second-order modulations for each observer tested, each carrier (static and dynamic noise) and each spatial frequency tested (0.5 and 7 c/deg). There were eight paired comparisons and we used a Bonferroni correction to maintain the comparisonwise rate at p ¼ 0:05. Thus, the minimum significance level was p ¼ 0:0062 (0.05/8 ¼ 0.0062). We found that only for 0.5-c/deg modulations of static noise and dynamic noise the reaction times to second-order patterns were slower than those to first-order stimuli (p < 0:001). The detection frequencies in the onset peaks for these stimuli were similar. The false alarm rate was low (4.5%) and did not depend significantly on the stimulus type. Therefore, the observed differences could be attributed to differences in the response speed rather than to different levels of detectability or speed-accuracy trade-off.
Control experiments
4.6.1. High-pass-filtered static noise
The effect of clumps in contrast modulated static noise is a possible source of first-order artifacts (Derrington & Cox, 1998; Smith & Ledgeway, 1997 . According to the sign and magnitude of the local imbalance between light and dark noise pixels, contrast modulated static noise may contain patches of different sizes, amplitudes and polarities. Such luminance artifacts might dominate the detection of second-order structures. We found that the temporal responses to second-order modulations of static noise were transient resembling the transient temporal responses to luminance modulations of 0.5-7 c/deg. In order to test the possibility that first-order artifacts might determine the transient type responses to contrast modulations of static noise, we used high-pass-filtered static noise carriers in which the clumping effects are reduced (Smith & Ledgeway, 1997) . We measured the threshold for detection of contrast modulated high-pass-filtered static noise of 2 c/deg. The spatial frequency components below 6 c/deg of the binary static-noise carrier were removed by 2D high-pass filtering. We found that the threshold-duration curves (Fig. 7a, grey diamonds) were transient, similar to those obtained by broadband static noise (Fig. 1b, empty diamonds) . It should be noted that the thresholds to contrast modulations of high-passfiltered static noise were higher compared to those in broadband static noise carrier, probably because the r.m.s. contrast of the first carrier was lower than the r.m.s. contrast of the second carrier. The results seem to suggest that the transient type of the responses to contrast modulations of static broadband noise could not be explained by local first-order artifacts due to clumping effects.
Detection and orientation discrimination visual tasks
We used a second test to determine whether the observers use local first-order artifacts in the detection of contrast modulations. If the observers detected contrast modulations by first-order mechanisms which respond to luminance increments and decrements over small image areas, their detection thresholds would be lower than the thresholds for recognising the spatial structure of the modulating signal. We measured detection thresholds for vertical or horizontal 2-c/deg contrast modulations of static noise and thresholds for discrimination between horizontally and vertically oriented contrast modulations of the same spatial frequency. The thresholds were measured in separate sessions using the staircase method and the 2IFC procedure. Using ANOVA, we found that the thresholds for detection of horizontal and vertical contrast modulations were not significantly different. Fig. 7a represents the averaged contrast thresholds for detection of horizontal and vertical contrast modulations (empty diamonds) and contrast thresholds for orientation discrimination (crosses). We did not find significant differences between the contrast thresholds for detection and orientation discrimination. This suggests that the performance in detection of second-order modulations is determined by the modulation envelope.
Effects of noise pixel size
In the experiments reported so far we have used 2D broadband noise (pixel size of 2 · 2 min of arc) whose spatial frequency spectrum could be regarded as white with a cut-off (Nyquist) frequency of 15 c/deg (wavelength of 0.066°). Such a noise would have different masking effects to low and higher modulation spatial frequencies. In order to test whether the spatial frequency spectrum of the noise samples determines the temporal responses to luminance and contrast modulations, we used noise whose pixel size was increased from 2 · 2 to 8 · 8 min of arc. Increasing noise pixel size enhances the noise spectral density at lower spatial frequencies and reduces the noise cut-off frequency (Nyquist frequency of 3.75 c/deg; wavelength of 0.266°). This would give rise to local luminance artifacts. We used dynamic noise and an orientation discrimination task in order to reduce the effects of these artifacts on the detectability of contrast modulations. The results showed that the thresholds for 0.5 c/deg luminance modulations of large sized noise (Fig. 7b , empty squares) were significantly higher than the thresholds in the presence of small sized noise (Fig. 7b , filled squares) (ANOVA, JC: F ð1; 6Þ ¼ 14:560, p ¼ 0:002; VM: F ð1; 6Þ ¼ 11:456, p ¼ 0:005). The threshold-duration functions for both types of noises were transient. The result for contrast modulations, however, was different. We did not find a significant effect of the noise pixel size on the thresholds for contrast modulations (Fig. 7b , empty and filled diamonds).
Discussion
In the present study we evaluated the temporal visual responses to first-and second-order patterns by measuring the contrast threshold as a function of stimulus duration. Threshold-duration functions have usually been regarded as incapable of determining the temporal characteristics of the visual system (Norman & Gallistel, 1978; Sperling, 1979; Watson, 1986) . Indeed, the critical duration estimated by bi-linear regression fit seems to be an inadequate measure of the temporal response because this approach is biased by the range of durations tested and the choice of points fitted to the two linear segments (Georgeson, 1987; Gorea & Tyler, 1986; Watson, 1986) . We derived the temporal impulse responses from the temporal-summation data by means of a probability summation model for contrast detection of temporal events assuming that the temporal impulse response could be described by Eq. (1) (Watson, 1979 (Watson, , 1986 . The half-amplitude width of the positive lobe of the impulse response is associated with sensitivity attenuation at high temporal frequency. We found that this index of temporal resolution for noiseless gratings was not significantly different as the spatial frequency increased which corresponds to observations by others (Georgeson, 1987; Gorea & Tyler, 1986) . We also showed that the calculated temporal frequency functions for 2-c/deg patterns by means of Fourier transform of the estimated impulse responses were close to the directly measured temporal frequency sensitivity functions (Fig. 3) . These results validate the method used in the present study for evaluation of the temporal characteristics of the visual system.
In accordance with previous studies (Breitmeyer & Ganz, 1977; Burr & Morrone, 1993; Legge, 1978) , we found that in the absence of external noise the visual responses to 0.5-c/deg luminance gratings were transient and gratings of 2 and 7 c/deg elicited sustained responses. These findings are usually accounted for by the existence of two types of mechanisms with different spatial and temporal characteristics (Keesey, 1972; Kulikowski & Tolhurst, 1973; Legge, 1978; Tolhurst, 1973 Tolhurst, , 1975 . Transient mechanisms operate at low spatial frequencies and higher temporal frequencies. They respond transiently only to the stimulus onset and offset. Sustained mechanisms are activated by stimuli of higher spatial frequencies and low temporal frequencies. Their responses are extended for the duration of the stimulus.
Temporal responses to luminance gratings embedded in visual noise
The results have revealed that static noise transforms the temporal responses to gratings of higher spatial frequencies from sustained to transient. The transient temporal response to 7-c/deg gratings embedded in static noise was illustrated by the bimodal distributions of reaction times which were clustered after the stimulus onset and offset and further, the detection frequencies remained similar as the duration increased from 500 to 1000 ms.
These findings could be explained by contrast masking which is usually accounted for by a decrease in the effective gain of the early visual stages (Legge & Foley, 1980) . Static 2D binary noise consists of all spatial frequencies and zero temporal frequency. The retinal images of static noise samples are constantly in motion due to involuntary eye movements. They are, however, unlikely to evoke neural responses with significant high temporal frequency components. The sustained mechanisms are sensitive to higher spatial frequencies and low temporal frequencies. Therefore, static noise could predominantly mask the sustained mechanisms and the detection performance would be dominated by transient mechanisms.
Dynamic noise elevated the thresholds for detection of luminance gratings but did not alter the type of the temporal responses: transient at 0.5 c/deg and sustained at 2 and 7 c/deg. Dynamic noise had stronger masking effect than static noise on the thresholds for detection of 0.5-and 2-c/deg luminance modulations of short durations. The thresholds for detection of prolonged gratings of 2 and 7 c/deg embedded in dynamic noise, however, were lower than those in the presence of static noise. These results suggest that the temporal integration of gratings of higher spatial frequencies makes the dynamic noise less effective than static noise in masking sustained mechanisms.
In addition to contrast masking, visual noise impairs visual performance due to an increased variance of neuronal activity at different levels of visual information processing (Pelli, 1990) . Burgess and Colborne (1988) have shown that high-contrast external noise induces an internal noise component that is proportional to image noise and the detectability of a signal is largely determined by the induced internal noise. They measured the observer variability by determining the probability of agreement between the responses on two sets of noisy signal trials and suggested that the induced internal noise could be due to fluctuations of decision variable. The induced internal noise would also contribute to the threshold elevation in the presence of external noise but further studies employing the equivalent noise approach are necessary to determine how the induced internal noise depends on temporal summation.
It should be noted that the independence of detection threshold from signal duration in the presence of external static noise has previously been reported (Rovamo, Kukkonen, Tiippana, & Nasanen, 1993) , but was not regarded as evidence that the visual system responds transiently. Our reaction time experiment, however, has clearly shown that the distribution of the reaction times to fine gratings in static noise is bimodal which is a characteristic of transient responses.
Temporal responses to contrast modulations of visual noise
We have found that the carrier type (static or dynamic noise) is an important factor in determining the temporal properties of the responses to contrast modulations. For contrast modulations of low and higher spatial frequencies, the temporal responses to secondorder modulations of static noise were transient, while second-order modulations of dynamic noise produced sustained responses.
These findings could be explained by a model which assumes that contrast modulations are processed by a second-order pathway involving early first-stage linear filters followed by a non-linearity and a second stage of linear filtering (Chubb & Sperling, 1988; Wilson et al., 1992) . Information about contrast modulations of visual noise is carried by carrier components whose spatial frequencies are higher than the modulation spatial frequency. Some studies have led to the idea that the second-stage linear filters utilise the outputs of first-stage filters tuned to carrier spatial frequencies 8 to 16 times higher than the modulation spatial frequency (Sutter, Sperling, & Chubb, 1995) . Other studies have shown that the second-stage filters receive broad spatially tuned inputs and there is no fixed relationship between the spatial frequencies of the first-stage filters and the second-stage filters (Dakin & Mareschal, 2000; Jamar & Koenderink, 1985) . The temporal characteristics of the second-order pathway could be determined by the temporal characteristics of its first-stage filters which are sensitive to higher spatial frequencies than the modulation spatial frequency (Schofield & Georgeson, 2000) . We found that in the presence of dynamic noise, the responses to luminance modulations of higher spatial frequencies were sustained (Fig. 1b and c, filled squares) . At low spatial frequency, the temporal responses to luminance modulations were transient while those to contrast modulations were sustained. These results suggest that the sustained nature of the temporal responses to contrast modulations of low and higher spatial frequencies (Fig. 1, filled diamonds) could be due to the sustained temporal responses of first-stage linear filters which convey information about noise components of higher spatial frequencies.
Additionally, the noise pixel size had a significant effect on the detectability of luminance modulations (Rovamo & Kukkonen, 1996) , but did not alter the thresholds and the sustained type of the responses to contrast modulations. Because of clumping effects, noise samples having a narrower spatial frequency spectrum contain more luminance artifacts compared to noise samples having a wider spatial frequency spectrum. The increased masking effects on the threshold for luminance modulations of dynamic noise of larger pixel size might be ascribed to the presence of such luminance artifacts. In an orientation discrimination task, however, the performance of the second-order pathway is based on a property of the modulation envelope and this pathway seems to be less sensitive to luminance artifacts. The lack of masking effects on the second-order pathway suggests that the first-stage linear filters of this pathway seem to be broadly tuned to spatial frequencies which are not higher than eight times the modulation spatial frequency (the Nyquist frequency of noise samples having pixel size of 8 · 8 min of arc is 3.75 c/deg).
In the presence of static noise, the responses to luminance modulations of higher spatial frequencies (at least up to 7 c/deg) were transient (Fig. 1b and c, empty  squares) . The responses to contrast modulations of low and higher spatial frequencies (Fig. 1, empty diamonds) were also transient. These findings are in line with the suggestion that the temporal properties of the secondorder pathway might be determined by the temporal properties of its first-stage filters which are sensitive to higher spatial frequencies than the modulation spatial frequency. We found that the thresholds for detection of vertical or horizontal luminance modulations of static noise and the thresholds for discriminating the orientation of the modulating envelope were similar. This suggests that the detection of contrast modulations is based on detection of the modulation envelope, rather than detection on local luminance artifacts.
The reaction time data also provide information about differences between the temporal properties of the first-and second-order pathways. For near-threshold modulations of 0.5 c/deg, the reaction times to secondorder patterns were slower than those to first-order patterns. These results indicate that the response speed of the second-order pathway might be determined by slower first-stage filters which are sensitive to luminance modulations of higher spatial frequencies. The presence of an additional non-linear stage in the second-order pathway could contribute also to the slower response speed to contrast modulations of low spatial frequencies. It should be noted that for 0.5-c/deg modulations of static noise, the positive lobe of the impulse responses to second-order modulations was significantly wider than the positive lobe of the impulse responses to first-order modulations. On the other hand, the response speed difference between both pathways seems to diminish at higher modulating spatial frequencies, because we found that the response speeds to first-and second-order nearthreshold modulations of 7 c/deg were not significantly different. Similar results were recently reported for firstand second-order modulations of dynamic noise whose modulating contrasts were four times above the corresponding detection thresholds (Manahilov, Calvert, & Simpson, 2001) . Under these conditions, the reaction times for detection and orientation discrimination of contrast modulations of 0.5 c/deg were significantly longer than the reaction times for detection of luminance modulated noise and they were approximately the same at higher spatial frequencies (1, 2 and 4 c/deg).
Relation to other studies of second-order vision
Smith and Ledgeway (1998) have suggested that the temporal responses to drifting contrast modulations are much slower than those to first-order motion. Using a dynamic noise carrier, they found that the thresholds for discrimination of motion direction of contrast modulations were higher than the thresholds for orientation discrimination. This result was regarded as evidence that motion is detected by a true second-order pathway. When the carrier was static noise, the thresholds for discrimination of grating orientation and motion direction of contrast modulations were very similar. This result was attributed to local first-order artifacts that arise from the use of static noise. For second-order motion, the temporal frequency sensitivity functions were low-pass and declined rapidly at higher frequencies. For first-order motion, the temporal frequency sensitivity functions peaked at medium drift temporal frequencies and declined less steeply at high temporal frequencies.
It is possible, however, that second-order form and motion perceptions are based on different mechanisms (Smith & Ledgeway, 1998 ). Benton and Johnston (1997) have shown that contrast modulations of dynamic noise contain a higher level of motion direction noise than contrast modulations of static noise. They suggested that the increased motion direction noise could explain the higher thresholds in a direction discrimination task as compared to an orientation discrimination task. In the experiments of Smith and Ledgeway (1998) , firstorder artifacts of static noise are not likely to determine the thresholds for orientation discrimination of contrast modulations because discrimination of orientation is based on a property of the modulation envelope. Their results are in accordance with our findings that the temporal frequency functions for 2-c/deg contrast modulations of static noise are band-pass, while in dynamic noise these functions are low-pass. These different temporal frequency sensitivity functions, however, could be explained by the different temporal properties of the second-order pathway: transient in the presence of static noise and sustained in the presence of dynamic noise.
Our results for modulations of 2 c/deg are in line with the data reported by Schofield and Georgeson (2000) who used a dynamic noise carrier and established that the temporal impulse responses to both luminance and contrast modulations of 2 c/deg were mono-phasic with a similar time course. These data correspond also to the data of Lu and Sperling (1995) who used static noise carrier and found that the temporal sensitivity functions for motion direction discrimination of luminance gratings and contrast modulations of 2.5 c/deg had a similar shape.
In summary, the results have shown that the type of visual noise (static or dynamic) is an important factor determining the nature of the temporal responses to luminance and contrast modulations. The data presented here suggest that the temporal properties of the non-linear second-order pathway are determined by the temporal properties of its first-stage linear filters that are sensitive to higher spatial frequencies than the modulation spatial frequency.
